In a dynamic nuclear polarization (DNP) experiment, the large Boltzmann polarization of a paramagnetic polarizing agent is transferred to surrounding nuclei by microwave irradiation at the electron paramagnetic resonance (EPR) frequency.
This is likely because of the lower Larmor frequency of 13 C and the distribution of spectral intensity in the EPR lineshape. In addition, we find that the time constant for the polarization buildup, τ B , for the direct 13 C polarization process is a factor of ≥ 20 longer when compared to the indirect method. Our data suggest that the origin of this difference is the more rapid spin diffusion in the 1 H reservoir. Thus, there are significant time savings available by polarizing 1 H followed by Hartmann-Hahn transfer to 13 C.
A number of papers have established that, under a variety of experimental conditions at high field, the cross-effect (CE) is the most efficient approach to performing DNP. Briefly, depending on the homogenous linewidth (δ) and the inhomogeneous breadth (Δ) of the EPR spectrum of the paramagnetic polarizing agent, in comparison with the nuclear Larmor frequency (ω 0I ), the DNP process in solids is governed by the solid-effect (SE, δ,Δ <ω 0I ) or the cross-effect (CE, Δ> ω 0I >δ). [5, 8] However, the efficiency of the SE is determined by forbidden electron-nuclear transitions that scale as ω 0I −2 and therefore the enhancements at high magnetic fields (≥5 T) are small, ≤15. [9] In contrast, the underlying mechanism of the CE is a two-step process involving two electrons with Larmor frequencies ω 0S1 and ω 0S2 , and a nucleus with a frequency ω 0I . Initially, the allowed EPR transition of one electron is irradiated and nuclear polarization is generated in a subsequent three-spin flip-flop process through transitions such as |α 1S β 2S β I > ↔ |β 1S α 2S α I > or |β 1S α 2S β I > ↔ |α 1S β 2S α I >. [10, 11] The maximum enhancement is achieved, when the difference between the electron Larmor frequencies of two spin packets approximates the nuclear Larmor frequency (|ω 0S1 -ω 0S2 | = ω 0I , matching condition). The DNP-enhanced nuclear polarization then disperses throughout the bulk via spin-diffusion. [12] Typically, in high-field in-situ DNP experiments, where the polarization and observation of the NMR signal are performed in the same magnet, the 1 H's are polarized and the DNP-enhanced 1 H polarization is then transferred to 13 C in a subsequent cross-polarization step. [13, 14] This procedure is used extensively in magic angle spinning (MAS) experiments, and of course requires a double tuned rf coil. In contrast, in ex-situ experiments, the 13 C nuclei are polarized directly and the sample is usually dissolved and transferred to another magnet for observation of the high-resolution spectrum. One reason for the choice of direct polarization is that the dissolution process and the sample transfer are more conveniently performed in a cavity devoid of rf coils. In either case it is necessary to record the NMR signals as a function of field or frequency in order to determine the parameters for optimal enhancement.
In current DNP experiments the microwave source has a fixed frequency and therefore the profile of DNP enhancement was recorded by sweeping the magnetic field strength. In Figure 1 the DNP enhancement profile, which is closely related to the shape of the EPR spectrum, is shown for indirect (e − → 1 H → 13 C), and direct (e − → 13 C) 13 C polarization. Both profiles were recorded from the same sample ( 13 C 3 -glycerol/ 2 H 2 O) using 1-(TEMPO-4-oxy)-3-(TEMPO-4-amino)-propan-2-ol (TOTAPOL) as the polarizing agent.
[15] The enhancement profile reveals the typical shape for TEMPO-based polarizing agents [16] [17] [18] with field positions for the maximum negative and the maximum positive enhancement of 4969 mT (DNP(−)) and 4980 mT (DNP(+)), respectively. However, the indirect process yields a maximum enhancement at high-field (DNP(+)), whereas for direct 13 C polarization the maximum enhancement is observed at low-field (DNP(−)). The origin of the asymmetry is likely due to the size of the nuclear Larmor frequencies (211 MHz for 1 H, 53 MHz for 13 C at 5 T) relative to the large g-and hyperfine anisotropy (600 MHz) of the TEMPO moieties. In particular, to satisfy the CE matching condition for 1 H, the separation of the spin packets in the EPR spectrum must be spaced by 211 MHz, yet the maximum in the spin packet intensity distribution of the EPR powder pattern occurs to the low field side of g yy (see Figure 1) . Therefore, the maximum enhancement is to the high field side at ~4980 mT. In contrast, for 13 C polarization the EPR spin packets only need to be spaced by 53 MHz, and that difference fits nicely within the g xx -g yy region of the lineshape. Thus, the largest enhancement for the direct process is on the low field side of the EPR spectrum. The behavior seems to be an intrinsic feature of TEMPO-based polarizing agents [16, 17] and numerical simulations are currently in progress to provide a more complete understanding.
A potential advantage of polarizing nuclei other than 1 H is the larger enhancement available due to a larger ratio of the magnetic moments. The theoretical maximum enhancement for DNP is given by the ratio γ S /γ I of the electron (S) and nuclear (I) gyromagnetic ratio (660 for e − / 1 H and 2640 for e − / 13 C). Indeed, we observe a two-fold larger enhancement from direct polarization of 13 C (Table 1) . However, a significant disadvantage of polarizing nuclei other than 1 H is that the time constant for the polarization build up, τ B , becomes much longer. This is illustrated in Figure 2 for direct 13 C polarization of samples with different 13 C concentrations. Each sample contained 10 mM TOTAPOL as the polarizing agent and the bulk-polarization build-up curves are measured at a field position corresponding to DNP(+). A field position corresponding to DNP(−) produced the same results (data not shown).
At a temperature of 90 K, τ B depends strongly on the 13 C concentration and values ranging from 114 to 176 s were measured. For 1 H τ B is typically ~5 s, a factor of 23-37 shorter. The experimental build-up constants and enhancement factors are summarized in Table 1 .
At a given temperature, several factors influence τ B , the concentration of the polarizing agent, and the concentration of the spins that are polarized. The influence of the electron concentration on τ B is easy to understand. If the electron concentration is increased, each electron has to polarize fewer nuclei and τ B decreases. However, the concentration of the bulk spins has a direct influence on the efficiency of the spin-diffusion process, while the identity of the DNP process (SE or CE) has no or only a negligible influence on τ B , because τ B is a bulk property. Since 1 H nuclei, even when they are magnetically dilute, still experience a strong inter-nuclear dipole interaction, we observe only a small variation of the 1 H τ B (Table 1 ). In fact the 1 H concentration must be optimized to obtain the maximum signal enhancements. [15, 19] This is different for 13 C nuclei. Here, the spin-diffusion process is dramatically attenuated by the lower gyromagnetic ratio of 13 C and the 13 C concentration. Even for the largest 13 C concentration that can be achieved, τ B C is more then factor 20 larger than τ B H (see Table 1 ). In addition for biological samples internal dynamics of the protein can drastically influence the 1 H longitudinal relaxation times (e.g. rotational tunnelling of methyl groups) and therefore τ B . However, all measurements presented here were performed in a glycerol/water matrix, which forms a rigid glass at 90 K. In more complex samples (e.g. bio-macromolecules) these relaxation effects can be addressed by deuteration of the sample and the matrix. [15, 19] Very long microwave polarization times were required for the dissolution experiment developed by the Malmoe group. [20, 21] Our studies indicate that this is due to the slow propagation of polarization among 13 C, reflecting the smaller dipolar coupling between these nuclei and to the distant electron as well as the low temperature at which polarization occurs (< 1.4 K). Moreover, to exploit the full benefits of dissolution-DNP, the polarization time has to be of the order of 5*τ B (full steady-state polarization) because the experimental cycle cannot be repeated. In contrast, in an indirect DNP experiment τ B is much shorter, due to the larger intermolecular 1 H dipolar coupling. Furthermore, since the polarization process can be repeated, the experiment can be performed at an optimum repetition rate (t mw = 1.26*τ B ), to achieve the maximum enhancement per unit time. Therefore our studies indicate that it is more efficient in a DNP-enhanced MAS experiment to initially polarize 1 H nuclei and then transfer this polarization to 13 C via cross-polarization.
In summary we demonstrate that direct 13 C polarization yields more than 2-fold larger enhancements than 1 H polarization combined with subsequent cross-polarization step to 13 C. Furthermore, the optimal field for direct DNP of 13 C is on the low rather than the high field side of the EPR spectrum. However, due to the smaller dipolar coupling mediating spin-diffusion, the time constant for polarization build up is significantly longer, making direct 13 C polarization experiments much slower, as is observed for dissolution experiments. In contrast, initial 1 H polarization followed by a subsequent CP step can be incorporated into in a dissolution experiment with the simple addition of a multiple resonance probe. In this case the shorter 1 H build-up times can be exploited, by pumping the polarization from the electrons to the 13 C nuclei through the 1 H spin reservoir. This would significantly decrease the polarization times required in a dissolution experiment. 
Experimental Section

DNP experiments
DNP experiments were performed on a custom designed 211 MHz DNP/NMR spectrometer using a triple-resonance cryogenic 2.5 mm MAS probe (e − , 1 H, and 13 C) with a commercial stator (Revolution NMR Inc.). The spectrometer operates at a magnetic field of 5 T, corresponding to a Larmor frequency of 140 GHz for e − . High-power microwave radiation (> 10 W) is generated by a gyrotron, operating at a frequency of 139.662 GHz. [22] [23] [24] . The NMR magnet is equipped with a superconducting sweep coil that allows field sweeps over ± 750 G. For accurate field measurements the spectrometer is equipped with a field/frequency lock system. [25] All experiments were performed at 90 K at a spinning frequency ω r /2π = 5 kHz and 100 kHz TPPM [26] decoupling. The 1 H and 13 C field strengths used for crosspolarization and decoupling were typically 50 kHz. 13 C direct polarization. Bulk-polarization build-up times τ B for different 13 C concentrations. T = 90 K, ω R /2π= 5 kHz. 
